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Planning enl Design of Strong-Motion Instrument Networks

R. B, MATTHIFSEN
U.S. Ceological Survey, Menlo Park, California

ABSTRACT
The types of research studies that utilize strong-motion daca may be
classified as: source mechaniem studies, ground motion studies, sci)
failure studies, atudims of the respcnse of typil-al structures (including
moil-structure {nteraction effects), and scudies of +'¢ cesponse of equip-
ment.

In planning networks and arrays to make these studies, ‘riteria must be
established based on the tectonic satting, the seismicity or re.urrence of
strong ground motions, the reliability of operszions in differen: regions,
and a cost/banefit analysis of the dats that may be obtained. A review of
the strong-motion records that have baen obt:lned during the past 40 vears
indicates significant variatiomns in tha recurrence of strong ground
motions in the seismically active regions of the western United States.
When combined with instrument coste, maintenance costs, snd the velishflity
of operations, thasa recurrence relations can bs interpreted in terws
of the coet per record for different lsvels of wmotion, The ben:fits to be
dexived from esch type of study in each region meed to be estsblisned.

Current plans call for sdditiomal arrays to be installed in Caiifornias,
the Hiseissippi embayment, the Yallowstone Park regior, an’ Alaska to study
the spectral characteristics of strong ground motionn in rhese regions.
Special studiss of local sits effects and structurai resyonse are being
plenned in the mors seismically ective regions of Cajif>raia. Simflar
criteris and planning should be applied in the establishwent of arrays of

strong-motion instrunents on & worldwide basie.

Any opinions, findings, conclusions
of recommendations expressed in this
publiaticn are those of tae author(s)
and do not necessarify reflect the views
of the National Science Foundation.



INTRODUCTION
The ptimacy input for the design of strong-motion instrument arrays comes {rom the
research needs Ln strong-motion seismology and earthquake engineering. The impetus behind
such of that research ic the application of the research results in engineering deaign and
reduction of ssrthquake hazards. This inpnt defines general obiectives to be accomplished
by an appropriately designed network but dxs not constrain the development of the network
geographicelly. A secondary iaput ccs.es from the mission-oriented and regulatory sgencies
that desire to monitor the response of critical facilicies to assess thair respoise during
potentially dameging earthquakes. The location of this instrumentation is constrained to
the spacific structure or system being monitored but may add significant data to that
obtained from a network of research inst:uients. The mission-oriented agencies also
influence the deaisr of the network thriugh their nwed for additionsl research results ou a
timely basis.
The types of studies that utilize strong-motion data may be claseiffed as follows:
Studies of the source nschanism.
- Situd - & of the spectrsl charscteristics of strorng ground motion
and of the verfations of these characteristice with t'.e nature of
the source, thea travel puth and regional geology, or the local
site conditions,
= Studien of s0il feflures such as 8odl liquefactio. or lardslices.
- Studies of the response of represeritive types of etructures and
incerconnected systems at potenti-lly Jdamaging levels cf response
and of the influence of tha foundation conditions on this resporse.
= Studies of tha rasponse of equipment vhich may be (ree-standin;

or mounted On StTuctures,

The firet of these atudies is a fundamantal stu'y in seismnlogy. The remainder conven-
fently divide into ground wmotion studiss and scructural response studies and may involve

the use of instrumentstion for efther the remearch or wmitoring function.



CRITERIA POR NETWORK DESIGN
The development of criterta for the plianning and design of networks and arrays of
Instrumentation to measure ground motions involves the following etepa: (1) the ground

morions must be estimated; (2) the costs of operations sust he evaluated; and (3) the
heneflt to b derived from the data must be assessed. A similar procest Is also required
as the first step in the procers of planning instrumentation arrays for structures
(kojahr, 1976).

The estimation of ground rotions involves a determination of the tectonic setting,
the sefsmicitv of the region, #nd the recurrence of strong ground motions. This {s
similar to the process of obtaining ground motions for use in snalyses of sefsmic risk or
for use in establishing design levels for critical facilities (Algermissen and Pcrkins,
1972; Hays, et al, 1975). In this basic approach to estimating ground motions, the
source characteristics are m-deled in terms of the recurrence of earthiquakes of different
magnitudes; the transmiseicn of the motion 1s modecled as an attenuation of peak acceler-
ation; and the motfon at the site s obrained as & recurrence relation for particular
site conditions (see fig. 1). More refined techniques ere the subject of current research
in which the source characteristics are modeled in terws of the expected stress diop and
s itce dimension; the transmission of tha motion is wmodeled in terms of the wave propa-
gation, attennation, and dispersion; and the site sffects are modeled in terms of their
fnfluence on the spectral characteristics of the motiom.

Sevaeral suthors have gathered a considerable smount of data indicating that for
approprintely (arge surce regionr, the recurrence of carthqunkon of diffvrent magnttudes
can be represented an straight lines on semi-log plote (see Algermissen, 1969, for
exanple). On the other hand, the existing dats on the attenuation of strong ground
notions indicate that there is a considerable amount of scatter in the relaction of the
pesk acceleration, velocity, or displacement to the distance from the source. Figure 2
presanta the attenuation of maximum scceleration with distance from the -ource for all of
the data recorded during the San Fermando earthquake (see Maley and Cloud, 1971). An
order of magnitude difference may be seen in the peak accelerations recorded at any one
dietance. Pigure 3 presents tha attenuation «f pesk acrelerations with distance from the
oplcenter for all data recorded at Perndale, Calif., during the past 40 yveara. A consid-

cerable amonnt of seatter (e ovident In thix plot also. Thin Iarge amount of acatter fn



the data cants nome doubt on the validicy of the eimpliffed model of tranamimafon of
mrtfon,

Tie avatlability of data from several statfons that have been installed for about
40 years provides s more direct approach to the evaluation of the recurrence of strong
ground motions. Por exaaple, the results obtained from Ferndale are shown in figures &
and 5. In figure 4, the cumulative numrers of events for which peak accelerations have
exceeded selected levels are plotted versus the year in which the event occurred. The
levels of peak acceleration used in figure 4 vere salected to illustrate the approach
used, Similar results can be obtainei for each of the levels of peak acceleration
recorded at this site. No attempt his been made to distinguish between foreshocks, main
wvents, and aftershocks in compiling these data. Straight lines have heen {itted to the
data, and the alopes of these lines define the “"events per year” for each of the selected
values of peak acceleration.

All levels of pesk scceleration from the complete set of records obtsined at
Ferndale vere used to construct figure 5, in vhich the cumulative discribution of events
per year is plotted versus the peak scceleration values. The end points are shown as
circles in this figure, signifying an insufficiency in tlese data. (The value at a pesk
acceleration of 10 a/ucz appesrs to be too lov as a result of the fall off in the number
of low level events that are recorded by an instrument that is triggered by the avent
héing recorded, whereas the values for the highest peak accelerations are ohtained froa
fower than five events, and this i conntdered to be an fnsufffcient amwowunt of data). The
amunt of scatter in tho data in figure 3 is relatively small compared with the amount of
scatter fndicated by the attenuation plots in figures 2 or 3.

Data of the type shown in IS“\I‘I'. S have been obtained for all of the strong=wotion
instrument sites that have been fn place for about 40 years (table 1), Only in three
cases (Ferndale, Hollister, and El Centro) are the data sufficient to provide statis-
tically meaningful results for peak accelerations up to 100 c-lucz. af equal importence,
however, is the fact that at several sites in these "seismically active™ aresas, no estimste
of recurrence could be made afcer 40 years of recording. For exsmple, in the San Francisco
Ray region, no raliable estimates of recurrence could de made for Golden Gate Park or San
Jose, atthough n maximum value of greater than 100 ca/ncc? has heen recorded at each site.

In the los Angeles basin, no reliable entimates can be made for Westwood or Pasadena.



Similarly, although 12 records have been obtained at Helena, Mont., oaly three of these
have besn recorde. aince 1940 and rome nince 1960, The results ia California are in sharp
contrast to other estimates of recur.ence that yleld squal rates along most segments of
the San Andreas fault., These res.lis are also an indicatlon of the se-fous difficulties
In any attempt to provide a rutinnal plan for obtaining the desired strong-motion records:
potentially damaging earthqua’es in aay one area occur infrequently, and our basic under-
standing of the processes amd recurrence of potentially damaging ground motions is there-
fore inadequate.

The cost of maint:nance has besn found to be adout three times the cost of the
fnstruments themselver (depieclated over a 20-year life). As a result, the procedures

used in {nstrument maintenznce need to be critically evalusted. In particuler, the
service incerval may be lengcthened 1if an evaluation indicates that this will not result

in serious depreciation in efther thea quaity or number of records recovered. The results
of a study of the length of the sarvice tnterval is shown in figure 6. In the early days
of the progras, a service interval of 2 wonths had been estsblished. As the numbers of
isstruments being maintained drsmatically increassed in the late 1960's, this interval was
perforce increased to ) months, MNore racently, a genaral policy of servicing at a nominal
4~ month interval has been adopted (& selacted group of imstruments are being serviced at
6-month intervals). Since the curreat cost figures are based on a nominal 3-month service
interval, sn increase to a 6-month interval will sigmificantly decresse the maintenance
costs, although they are not expected to decrease by half since it is planned that more
time should be spent at each instrumest when the service interval is lengthened. As a
part of the evziuation of msintensnce procedures, ‘-u of the older instrunents are being
replaced with modern instruments, aml the wodern types of instrumeats in service are being
muwiilled to hring them up to present spacificatioms. This upgrading of the fnntrusents
should raise the lower of the two eets of lines showm in figure 6.

Yrom thi recurrence dats sumariged in table 1 and the average costs of instruments
and mintenance ($400 per year), the costs per record for records with pesk sccelerations
greater than spacified amounts can ba cbtained (see table 2). At most sites, the cost
doubles as the level of pesk accelerstion doubles. Estimates of these costs for other
sitas sust be determingd if planmiag criteria are to be firmly estadlished. Since peak
sccelerations on the order of 200 cm/sec? are the minfmum levels of potentially damaging

motions, significant costs must be amticipated 1f we are to record potentislly damaging



levels of ground motion at many of these sites.

The benefits that will be derived from the data that vill he obtained munt be esti-
msatad in order to sssess the proper significance of these costs. Obviounlv, the first set
of data that will permit some of the unanswered questions regarding the nature of the
strong ground motions from earthquakss in the sastern pare of the United States will be
of considerable benefit, whereas edditionsl records at 50 cn/uc2 obtained st many of the
sites in California are of little benefit. It is clear, in general, that those st.dies
that can be accomplished in the more active areas may cost one tenth ss much as they would
in other sress of California. Thus, studies of local site effects should be planned for
Porndsle, Mollister, and Il Centro, L{f the locsl soil conditions parmit. Studies of low-
tive u;.uun;- should be conducted in these same regions, whereas studies of high-rise

buildings can be conducted oniy in the San Fraacico or Los Angeles arcas.

GENERAL OBSERVATIONS

Moet of the strcng-motion records obtained to date have been obtasined in California,
aod the techniques for estimeting ground motion spectra are largely based on these records.
Preliminary evaluatioas for other regions of the United States suggest that the Mississippi
enbayment and Yellowstone Park regions may provide as much data, and as inexpensively, ss
some of the less sctive areas of California. On the other hand, high maintenance costs
in Alaska offeet the advantage of the generally high level of activity in that region,

General informtion on the influence of local site conditions on the spectral ampli-
tudes of ground wotion may be obtained from the regional networks by placing instruments
in different geologic settings or st sites with different soil conditions. More detailed
studies will Tequire an expensive instrumentation program including down-hole instruments.
These should ba conducted in regiome whare the seismic activity is sufficiently high to
insure an adequate return on the investment in instrumentstior and its maincenance.

Sinilarly, instrumentstion designed tc study so0il failures through liquefaction or
landsliding can be incorporated into the regional arrays if areas subject to sail faflure
are identified, Remotely recording inatruments should be placed on the area of potential
landslide or liquefsction as vell as on nearby stable ground. Extensive instrumentstion

for thene studies should be installed only in highly active areas.



The information sary to the costs of obtaining stromg-mntion datla from
811 parta of the world should be assamhled s¢ that the greatest henefit mav he derived
for all concerned with earthquake hassrda and the lows of 1lie that has occurrad in past

earthquakes,

RRFERENCES
Algermissen, S. T., “Seismic Risk Studies in the United States", Proceedings Fourth

world Conf. on Farthquakle Fnor., Santiago, Chile, 1969,

Algersissen, S. 7. and Perkins, D, M., “A Techaique for Seismic Zoning", Proceedings
Conference on Microgonation, Vol 1I, Seattle, 1972,

Hays, W. W., et 41, Guidelines for Developing Design Esrthquake Response Spectrs,

TR M=l14, Construction Engineering Research Lahoratory, June 197S.

Maley, R, P., ond Cloud, W, K,, "Strong-Motion Accelerograph Recorda™, Strong-Mot{ion
Instrumental Nata on the San Fernandn Earthquake of Feb. 9, 1971, Seismological
Field Survey and Earthquake Engr. Res. Lad,, California Institute of Technology,
Pasadena, 1971,

Rojaln, Christopher, "California Building Strong-Motion Instrumentation Program”,
Proc, Conference omn amie R se of Structures: Instrumentstion, Testin

Methods, and System lden: fication, UCLA, Los Angeles, March 1976.




Teble 1 - Recurrence timas for stations

installed for 40 years

Total Mumber Maximum Station Location Years/Fvent
thmber of Accel
Years Records cm/sec a>25 + > 50 a > 100
- a in cmfsec R
40 43 74 FERNDALE 1.5 3 .
i 11 0 EUREXA ] (45) -
&0 3 124 GOLDEN GATE PARK -
39 52 ALEXANDER BUTLDING (20) -
39 11 &8 SOUTHFRN PACIFIC BLIG (10) -
40 6 43 GAKLAND CITY RALL 12) -
&0 6 %6 BERKELEY (15) -
41 L} 138 SAN JOSE -
30 32 191 ROLLISTRR 2 4 8
40 s 172 SANTA BARBARA 10 -
40 3 100 WESTWO! ™ -
40 ? 220 NOLLYWOOD (30) -
&0 9 110 OCCINFNTAL BLDS 14 -
L3} 1 210 VERRON 10 20 -
41 10 250 LONGC BFACH 10 (23) -
40 & 100 PASADERA -
40 10 46 COLTON 12 (25) -
41 24 314 EL CENTRO 3 6 12
41 9 30 SAN DIFGO (20) -
40 1 3 BISHOP 8 -
36 7 42 MAWTHORNE 10 -
k] 12 115 HELENA -

Numbers in parentheses are based on an ins:fficient amount of data.



Table 2 -~ Sumenry of coets per record

Cont/Record 1a Nollary

Statfon Location Maximum

Accel, a> 28 a> %0 a ™ 100

ca/sec 2 in m[qecz
FPERNDALE 274 600 1200 2400
EUREKA 230 3200 (6000) -
GOLDFN GATE. PARK 124 -
ALEXANDER BUILDING 52 (3000) -
SOUTHFRN PACIFIC BLDC A «000 -
OAKLAND 1ITY RALL 43 (4800) -
BERKELEY $6 (6000) -
SAN JOSE 138 -
HOLLISTFR 19 800 1600 3200
SANTA BARBARA 172 4000 -
WESTW.ON 100 -
HOLLYWOOD 220 (12000) -
OCCIDENTAL 8LNG 110 5600 -
VERNON 210 4000 8O0 -
LONG BEACH 250 4000 (10000) -
PASADENA 100 -
COLTON 46 5000 (10000) -
EL CENTRO 314 1200 2400 4800
SAN DIPSO 30 (8000) -
BISHOP 3a 3200 -
MAWTHORNE 42 4000 -
HFLENA 115 -

Numhers {n parentheses are based on an insufficient amount of data.
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